Abstract: Recommendations are given for reporting in the primary scientific literature of measurements involving phase equilibrium. The focus is on documentation issues, and many of the recommendations may also be applied to the more general fields of thermodynamic and transport properties. The historical context of the work and specific plans for implementation of the recommendations are discussed.
INTRODUCTION
The critical importance of phase equilibrium properties in the development and optimization of numerous industrial processes is well established [1] , particularly with regard to separation methods, such as distillation, extraction, and crystallization. This article reports the results of IUPAC project 2007-024-2-100 "Guidelines for Reporting of Phase Equilibrium Measurements", with the objective of establishing recommendations for the reporting of measurements involving phase equilibrium with a focus on documentation issues. This work builds upon earlier related efforts that span approximately 60 years. The history of these efforts, which stem from the 1953 U.S. Calorimetry Conference, was summarized ThermoML Archive [20] . These software applications, together with those for regression and analysis of experimental data (e.g., the TUV SUD NEL Physical Property Data Service (PPDS) software [29] or Dortmund Data Bank Software Package (DDBSP) [30] ), as well as the recently discussed concept of chemical-process and product design on demand [31] , are clearly enhanced with improvements in datareporting standards.
Following some background information, the main body of this article provides recommendations for content and general reporting format for each of the typical sections of an article reporting thermodynamic and transport property data, with an emphasis on phase equilibrium results.
DEFINITIONS OF DATA
The interpretation of the term data depends strongly on the scientific audience. Before delineating recommendations for the reporting of property data, it is necessary to establish definitions for various thermodynamic and transport property data types that are commonly reported. The following are practical definitions for use within these recommendations and are adapted from those formulated by Frenkel et al. [21] .
True data
True data (or true values) are exact property values for a chemical system of defined composition in a specified state. These data have the following characteristics. They are (1) unique and permanent, (2) independent of any experiment or sample, and (3) a hypothetical concept. The other property types that follow (experimental, predicted, and critically evaluated) may be considered approximations to the true values. The difference between these values and a true value is defined as the error. The error is never known; however, it is given that it is never zero. The measure of confidence in an experimental, predicted, or critically evaluated value is the uncertainty [12] [13] [14] , which is a range of values believed to include the true value with a certain probability. All data types should always be published with associated estimated uncertainties. There are several properties for which values have been defined to be exact, such as the triple point of water [32] or the speed of light [33] . These are special cases and are not considered here. The concept of a true value is discussed in the International Vocabulary of Metrology (VIM) [34] . The definition for true data given above is consistent with that given for what is termed the Error Approach in the treatment of measurement uncertainty described in the VIM.
Experimental data
Experimental data are defined as those obtained as the result of a particular experiment on a defined sample. The feature that distinguishes experimental data from predicted and critically evaluated data is use of a chemical sample, including characterization of its origin and composition.
Derived data
Derived data are values calculated by mathematical operations from other thermodynamic or transport property data, possibly including experimental, predicted, and critically evaluated data. Derived data include values calculated directly from experimental values, such as excess volumes derived from measured densities, as well as gas-phase compositions y derived from pressure p, temperature T, and liquidphase composition x {i.e., (p, T, x) data} for a binary system, where the calculation requires additional values from the literature, such as vapor pressures of pure substances, non-ideality of the gas phase, etc. Derived data were addressed explicitly in the 1972 Guide [2] , "…derived (or secondary) results never should be published at the cost of omitting the primary results on which they were based," as well as in the 1989 Guide [11] , "All derived values should be distinguished clearly from the experimental values.
The authors can mislead their audience if they report the derived results as if they were experimental values." The present recommendations are in accord with these earlier statements.
Predicted data
Predicted data (or predicted values) are defined as those obtained through application of a predictive model or method, such as a corresponding-states or group-contribution method. There is no physical chemical sample associated with this type of property data.
Critically evaluated data
Like predicted data, there is no sample involved with critically evaluated data. The feature that distinguishes critically evaluated data from predicted data is the involvement of the judgment of a data evaluator (cf. refs. [35, 36] ) or evaluation system [23] . Critically evaluated data are recommended property values that may be generated through assessment of available experimental data, predicted data, derived data, or any combination of these.
THE GIBBS PHASE RULE
The Gibbs phase rule provides an unequivocal accounting basis to ensure that reported property values are fully defined. It also is the principle upon which the structure of the ThermoML data communication standard is based [16] . The phase rule for non-reacting systems is
where F is the number of degrees of freedom, N is the number of components, Π is the number of phases in equilibrium, and ϑ is the number of constraints including special states, such as the liquid-vapor critical or liquid-liquid consolute states. Some examples involving complex phase behavior are given by Bolz et al. [37] in the IUPAC Technical Report, "Nomenclature for phase diagrams with particular reference to vapor-liquid and liquid-liquid equilibria". It is essential that all property values are fully defined in a concise way through identification of all degrees of freedom (variables and constraints), phases present, and any special states. This topic is more fully addressed later in these guidelines in the section concerning tables of results.
UNCERTAINTIES

In a forward to the Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement
Results [14] , then-director of NIST, Dr. John W. Lyons, wrote, "It is generally agreed that the usefulness of measurement results, and thus much of the information that we provide as an institution, is to a large extent determined by the quality of the statements of uncertainty that accompany them." This statement is equally applicable to all reported measurement results. Historically, it is unfortunate that a large portion of reported estimates of uncertainty in the literature are poorly defined or inadequate, if done at all, as was discussed in a recent case study of uncertainty for critical temperatures of pure compounds [38] . That study found that the most commonly reported quantity was the repeatability, which is simply a lower limit for the needed combined standard uncertainty. The combined standard uncertainty includes consideration of all contributions to the uncertainty, including equipment design, apparatus quality, equipment calibrations, sample quality, and proper assessment of error propagation. The expression of uncertainty requires clear definition of a variety of quantities and terms. Quantities recommended here for the expression of uncertainty conform to the Guide to the Expression of Uncertainty in Measurement, ISO (International Organization for Standardization), October, 1993 [12] . These ISO recommendations were adopted with minor editorial changes as the U.S. Guide to the such as those of PubChem [46] , Cambridge Crystallographic Database [3] , and Protein Data Bank [4] , can be included, but provision of the IUPAC name is the primary mode of compound identification.
An important development in the last 10 years has been development of the IUPAC International Chemical Identifier (InChI) [47] , a non-proprietary identifier for chemical substances for use in printed and electronic data sources. Subsequently, a fixed-length (25-character) condensed digital representation of the Identifier was developed: the InChIKey [48] . The primary advantage of the InChIKey is that it can be generated by any researcher based on the structure alone, and is independent of the scheduling priorities and inevitable human errors of other systems. The InChIKey is not often included as a chemical identifier in publications today, but its expanded use is encouraged.
Sample source
The origin of all chemical samples must be stated. Some typical sample origins are commercial (with the name of the supplier), synthesized, loaned, etc. The numerical purity (mass fraction or mole fraction) of the supplied sample of a nominally pure substance should be indicated, as well as the method of purity determination, if known. Any subsequent purification of the sample, such as distillation, crystallization, drying, etc., should be described, along with the final purity value. Details should be provided concerning significant impurities, if present, and their contributions to the uncertainties in the reported values should be discussed. If the samples are chemically unstable, evidence should be provided to show that the sample did not significantly decompose, or otherwise change its chemical form, between analysis and measurement. Some discussion of the rate of decomposition is necessary. Additives utilized for increased chemical stability or proper storage, such as sodium wire, molecular sieves, polymerization inhibitors, etc., should be indicated, and any corrections to the results needed due to their presence should be described along with any experiments performed to determine the amounts present.
Numerical sample purity
The sample purity of nominally pure compounds must be expressed in numerical form (mass fraction or mole fraction), while for solutions, molality may also be used. The sample purity must be determined by calibrated analytical means, such as gas-liquid chromatography, fractional melting in a calorimeter, mass spectrometry, high-performance liquid chromatography, proton nuclear magnetic resonance, etc. If no impurities are detected, the detection limit of the analytical method must be stated.
Comparisons with literature values for common measured properties, such as density or index of refraction, may be used to help confirm compound identity, but cannot be used to establish chemical purity. The listing of a commercial grade of chemical, such as analytical, technical, puriss, etc., is not a substitute for provision of the numerical purity. The symbol % should not be used in numerical expressions for purity or chemical distributions. The uncertainty for the purity value should be expressed through proper use of significant figures. For example, mole fraction purity x = 0.99 implies u(x) ≈ 0.01, and mole fraction purity x = 0.990 implies u(x) ≈ 0.001. This does not preclude explicit inclusion of the uncertainty for the purity, if known, or if it is essential to the scientific purpose of the article.
Polymers
Sample descriptions for polymers should include numerical characterizations of the dispersions of distributions of molar masses and degrees of polymerization. The terms for dispersity Ð recommended by IUPAC are the molar-mass dispersity Ð M and degree-of-polymerization dispersity Ð X [49] . Ð M is defined in terms of the ratio of the mass-average molar mass to the number-average molar mass. Ð X is defined as the mass-average degree of polymerization to the number-average degree of polymerization.
The reader is referred to the IUPAC Compendium of Polymer Terminology and Nomenclature (the "Purple Book") [50] for a more complete discussion.
The ThermoML data communication standard [16] was established in 2006, prior to publication of the most recent IUPAC recommendations for polymer terminology [49, 50] . Consequently, many of the terms recommended presently for polymers were not included. These inconsistencies were recently addressed as part of IUPAC Project 2007-039-1-024, within which ThermoML was updated and extended [17] .
Chemical sample table
A tabular summary of sample descriptions is strongly encouraged. Systematic names must be given there. An example of a table for the summary of chemical sample information is given in Table 1 . Variations in style and format between journals are expected, but the essential information should be provided. 
REPORTING REQUIREMENTS 3: APPARATUS AND EXPERIMENTAL PROCEDURES
The 1972 Guide [2] and the 1989 Guide [11] gave similar and fairly complete recommendations for the description of experimental apparatus and procedures. These are adapted here with some extensions. It is emphasized that the present recommendations concern the reporting of phase equilibrium measurements, and although some discussion of experimental technique arises, specific recommendations in that area are generally outside the scope of this work. Many books and articles have been published concerning recommended experimental technique in this field (see, e.g., [51] [52] [53] ).
New apparatus
Sufficient detail of new apparatus should be provided in order for a reader to judge the general methodology utilized and the anticipated quality of the measurements. The controlled environment and the measuring systems for temperature, pressure, composition, etc., should be well described with particular attention to contributions to the experimental uncertainty. Stability and control of the experimental conditions may be crucial to the attainment of high-quality results, and should be detailed as needed. Stability and control of temperature, pressure, and composition were discussed at length in the 1989 Guide with regard to vapor-liquid equilibrium (VLE) measurements at low and moderate pressures [11] . Information concerning traceability of measured quantities to national measurement institutes (NMIs) should be provided. The identity of the temperature scale should be provided. At present, this is the International Temperature Scale of 1990 (ITS-90) [32] . The measurement of standard chemical systems for properties with established uncertainties is strongly encouraged to validate results for an apparatus. A complete report of the test measurements should be included with the apparatus description.
All data-reduction procedures should be described in detail in the text. Once provided in detail, the descriptions can be cited in future applications of the method.
Existing apparatus
For existing apparatus, a summary of the method used must be provided, even if complete details have been published elsewhere. Particular aspects that affect the expected uncertainty should always be given. A short description and a reference to any previous validating measurements are adequate. Once published, tables of results for the validation experiments should not be duplicated in subsequent reports.
If the apparatus has been described previously, but has been modified, then a summary of the changes and the anticipated advantages should be described. Any new measurements used to validate the apparatus should be reported with complete descriptions of the chemicals used. Validation of analytical methods must always be done for the chemical system under investigation.
Commercial apparatus
For commercial apparatus, a summary of the underlying principles of the measurements must be provided. The manufacturer and equipment identification information (e.g., model number) should be provided, but this is not an adequate description of the apparatus. Aspects that affect the expected uncertainty should always be discussed. Measurements should always be made on standard chemical systems to provide validation for the apparatus. Of course, any modifications to the commercial apparatus should be described together with the reasons for the modifications and impacts on uncertainty.
Establishment of phase equilibrium
Methods used to attain and confirm the establishment of equilibrium conditions must be described for all measurement results. Equilibration time periods should be discussed, particularly for studies involving solid-liquid equilibrium (SLE) and liquid-liquid equilibrium (LLE).
REPORTING REQUIREMENTS 4: NUMERICAL EXPERIMENTAL RESULTS
The stand-alone table
Experimental results must be given in tabular numerical form in the body of the article or as supporting information, and not simply as graphs or fitted equation coefficients. Graphs and equation coefficients may be included, as needed, but not at the expense of the tabular results. Numerical experimental results should never be given as part of the text, but instead, should be given in tabular form, even if only a single value, such as a normal melting temperature, is reported.
Most journals that publish thermophysical property data instruct authors to create tables that stand alone; however, this approach is very rarely enforced. A reader is often forced to peruse the text for key information, such as the identities of phases, values for constrained variables (e.g., constant temperature or pressure), definitions of symbols, definitions of composition representations, and particularly uncertainties. Such dispersed reporting ensures that any attempt to incorporate the reported results into the existing body of knowledge is highly error-prone. The recommendations that follow are based on the goal of creating truly stand-alone tables from which the required information for modern archives of experimental data can be correctly interpreted and extracted.
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Terminology
The names of all properties, variables, and constraints must be written out in full and formulated in accord with IUPAC (Green Book) recommendations [2] . SI units [54, 55] must be used consistently. Archaic units, such as centipoise or "p.s.i.a.", should not be used.
Reporting of all properties, variables, and constraints
The property values must be reported together with the values for all variables and constraints in accordance with the Gibbs phase rule. No values of variables or constraints, such as a laboratory pressure p near p = 0.1 MPa or a constant temperature stated in the text, should be implied. This includes explicit definition of common symbols, such as T for temperature or y for mole fraction of a component in the gas phase. Examples of stand-alone tables for the reporting of VLE (Tables 2 and 3 ) and LLE (Table 4) are provided. Some names given in the example tables are not IUPAC names. This is consistent with the present recommendations so long as the alternative name has been defined in a Chemical Sample Table (see Table 1 ). 
Identification of phases
All phases and phase boundaries present must be specified in the (Table 5) , SLE phase diagram determination (Table 6) , and SLE phase diagram determination with compound formation (Table 7) are provided. b The experimental data are shown in Fig. 1 and were abstracted from ref. [73] . 
Reporting of multiple types of phase equilibrium in a single table (complex equilibria)
For studies involving multiple types of phase equilibrium for a single chemical system, authors have found it convenient to report results in a single table. Although convenient for the author, the resulting tables are often difficult for a user to interpret. If only one type of phase boundary is represented in a data table, the phases can be defined in the table heading, as shown in Tables 2 through 5 . Similarly, Tables 6 and 7 show SLE data, where it is necessary to include the identity of the solid phase in the body of the table.
More complex systems are shown in Tables 8, 9 , and 10. These tables list results for several types of phase equilibrium in a single table. The symbol ↔ between phase groups is used to define the phase change associated with a particular boundary. For example, the notation l,g ↔ l 1 ,l 2 ,g indicates a boundary between a region of (liquid + vapor) equilibrium (VLE) and one of (liquid + liquid + vapor) equilibrium (VLLE).
Experimental results listed in Table 8 include SLE, LLE, and three-phase (solid + liquid + liquid) SLLE data for the system (octan-1-ol + acetonitrile) together with SLE for pure acetonitrile. At constant pressure, a single-component system with two phases present and a binary system with three phases present have zero degrees of freedom. This invariance is indicated in the table. Table 9 lists SLE and (solid + solid) SSE results for a binary system of long-chain alkanes, which form a solid solution that undergoes a solid-to-solid phase transition from the crystal phase s(II) to the rotator phase s(I) for all compositions. The invariant values for the pure components are indicated. Table 10 shows results of phase equilibrium studies for several isopleths that undergo a variety of phase changes with temperature. The notation used for the phase changes (e.g., l 1 ,l 2 ↔ l 1 ,l 2 ,g) provides clear definition for the processes involved. The experimental data are shown in Fig. 5 and were abstracted from ref. [77] . The experimental data were abstracted from ref. [78] .
R. D. CHIRICO et al.
Reporting of composition
Compositions should be reported as mole fraction x, mass fraction w, or molality m. For compositions expressed as molality, the solvent must be defined explicitly. All compositions must be defined completely in the table, even if they are defined separately in the text. As noted above, such information distributed throughout the text often leads to incorrect interpretations by data evaluators and users. In particular, with regard to molalities, it is common in the existing literature for the identity of the solvent not to be specified. This is not a serious problem for binary chemical systems, but for systems of three or more components, the meaning is often ambiguous.
Composition should not be expressed as amount concentration (formerly known as molarity [15] ). Such compositions can be converted to mole fractions only if the temperature and pressure of solution preparation are known and the necessary density values are available. This places an unacceptable burden on users of the data. Similarly, volume fractions should never be used as variables for the reporting of experimental data.
Uncertainties
In all tables of experimental results for phase equilibrium studies, uncertainties must be included for all properties, variables, and constraints. The standard uncertainty u(φ) or relative standard uncertainty u r (φ) = u(φ)/|φ| must be included, where φ represents a variable or constraint. For phase equilibrium studies, it is not possible to specify a single property, so the standard uncertainty u(φ) should be given for all quantities. The relative standard uncertainty u r should not be used for temperature because of ambiguities resulting from the definitions of the temperature scales, degree Celsius and kelvin. In addition, u r should never be used for compositions that span wide ranges in mole fraction for any specific component. For example, if VLE compositions are reported for a binary mixture with mole fraction x for each component varied between x = 0 and x = 1, the reporting of u r (x) is inappropriate, and u(x) should be given. In contrast, u r (x) may be entirely appropriate for reporting uncertainties for a series of low concentrations, such as those commonly observed in solubility studies involving a solute in supercritical carbon dioxide. The combined expanded uncertainty U(φ) or relative combined expanded uncertainty U r = U(φ)/|φ| (with confidence of 0.95) should be reported for properties (such as heat capacity, viscosity, index of refraction, etc.) with the standard uncertainties for the variables and constraints propagated to the expanded uncertainties for the property.
The units for an uncertainty value must match exactly those of the corresponding property, variable, or constraint in tabulated data. Relative uncertainties do not have units.
Property measurements for pure components
When practical, the properties of the pure components (such as vapor pressures, melting temperatures, etc.) should be measured in the same apparatus used for the studies of the mixtures. These measurements should be done under conditions as close as possible to those used for the studies of the mixtures. Such data are very useful in the assessment of measurement quality.
Derived data
The reporting of derived data (defined earlier) together with primary experimental data in a single table should be limited to that which is required for the discourse in the article. If derived data are included, they must be labeled clearly as derived, and the method of derivation must be described fully in the text. Uncertainties should be provided for all derived data. This can be a complex task, as derived data may include contributions from literature values of poorly defined quality. Nonetheless, proper accounting of the uncertainty must be made for all auxiliary data, including predicted values. Sources of all property values used from the literature must be provided.
An important case is the reporting of results for the measurement of VLE, where the quantities measured must include, at least, three of the following; pressure p, temperature T, liquid composition x, and vapor composition y. The vapor composition y can be determined experimentally, but can also be calculated (derived) based on the Gibbs-Duhem relationship. If compositions for the gas phase are derived this must be made clear in the tabulated results, and the method of derivation must be described clearly in the text. Descriptions of the methods used and references for further reading are provided in ref. [1] .
Data validation and model fitting
Data validation through application of models and consistency checks, such as those based on the Gibbs-Duhem equation for VLE data [1] , are strongly encouraged. Models can also be used to compare the new experimental data with literature values obtained at other conditions, and can reveal data quality issues related to composition or temperature dependence that, otherwise, would remain undetected (see [56] ). Nonetheless, successful application of these consistency tests should be considered necessary, but not sufficient, tests of data quality. Recommendation of specific models for particular data scenarios is an extensive and complex subject that is beyond the scope of this project. Development of models, including computational methods, is an active area of modern research.
Other notation issues
Use of the symbol % is discouraged and should not be used in expressions for uncertainty. The meaning of % is 0.01, but it is often misused. Misuse of this symbol in the literature, particularly when applied to uncertainties for compositions (and for that matter, composition itself), has resulted in a large body of data with poorly defined quality.
Graphical representation of experimental data
Graphical representation of the experimental data in the body of the article is encouraged. However, a graph should never be provided at the expense of reporting the primary numerical data in tabular form. Graphs of experimental data are particularly useful for interpretation of results involving SLE, where inter-component compound formation, crystal-to-crystal phase transitions, or regions of immiscibility may occur. Figures 1 through 4 show the experimental SLE data listed in Tables 6 through 9 , respectively. Figures are provided here to aid the reader in understanding the nature of the tabulated experimental data. Graphs in most journal publications include representations of fitted models or interpolation curves. Such curves are unnecessary for the purposes here, and their absence should not be construed to be part of these recommendations. Deviation plots of experimental data relative to fitted models are strongly encouraged, as is the inclusion of uncertainties ("error bars") in the graphs, if practical. 
REPORTING REQUIREMENTS 5: COMPARISONS WITH PREVIOUSLY PUBLISHED DATA
Authors are expected to complete a detailed literature search and provide comparisons with previously published values. When possible, comparisons should be shown graphically in the form of deviations from either a particular model or fitted equation.
IMPLEMENTATION OF RECOMMENDATIONS Background
The publication and use of experimental property data involve far more stakeholders than authors alone. In addition, the process involves publishers, editors, reviewers, data evaluators, academic researchers, designers of software for industrial applications, etc., all of whom have somewhat different, and sometimes competing, motivations and goals. Consequently, in spite of good intentions and the high quality of previous work in this field [2, 11, 37] , implementation of recommendations for documentation of experimental results has been slow to occur. For example, Dong et al. [38] demonstrated that, even in recent years, a large portion of reported "uncertainties" are, in fact, repeatabilities, which are only lower limits for standard uncertainties, and are of little value in subsequent applications. A further key impediment to full adoption of previous recommendations has been the absence of a mechanism for their broad and targeted dissemination or for their consistent application.
The present recommendations were developed by a diverse team that includes representatives of chemical industry, editors of major journals, leaders in the field of property data evaluation and distribution, industrial engineers, and developers of software applications for research and industrial process analysis. Through cooperation within the present team, establishment of the new recommendations as policy across major journals can be ensured. This is an important step, but without the necessary mechanisms or tools for communication of the recommendations to authors or for validation of newly submitted data, full adoption of the recommendations will be difficult to achieve.
Implementation mechanism: New global validation and review process
Beginning in 2004, cooperation was established between NIST and five major journals in the field of thermophysical properties (Journal of Chemical and Engineering Data, Fluid Phase Equilibria, The Journal of Chemical Thermodynamics, International Journal of Thermophysics, and Thermochimica Acta) with the purpose of establishing a data validation and global communication process. This process and its impact on the quality of published experimental data were described by Frenkel et al. [19] . Coauthors of that work included publishers, journal editors, experimentalists, and software product developers for chemical process analysis. The NIST-Journal cooperation continues today and can serve as a focal point for communication of these recommendations to authors. To this end, web sites specific to each participating journal have been established to provide easy access to the documentation recommendations given here, together with examples of chemical sample descriptions and properly formatted and complete data tables [57] [58] [59] [60] [61] .
Support for improved literature comparisons
A common problem is the failure of authors to do an adequate review of the literature, as required by all journals. In 2009, the editors of the five journals involved in the cooperation with NIST published the Joint Statement of Editors of Journals Publishing Thermophysical Property Data [62], which stated, "A requirement for submission of a manuscript describing properties is a literature search and comparison of the results with previously reported literature values. Often, reviewers cannot make informed decisions regarding the manuscript because the authors have made only a minimal literature review and comparisons. It is then an unacceptable burden to require reviewers to research previously published literature data to ensure a proper comparison has been made and hence determine the ultimate worth of the manuscript." NIST maintains an extensive database of experimental property data and sources (references). When an article is submitted that reports new experimental data, software tools are used to search this archive for relevant data sources and provide the results of this search to the journals for use by editors, authors, and reviewers.
Comparisons of new experimental property data with those in the existing literature are also supported within the NIST-Journal cooperation through application of the NIST ThermoData Engine (TDE) [21] [22] [23] [24] [25] technology. This technology applies the dynamic data evaluation approach implemented in the most current version of TDE to provide critically evaluated property values for comparison with those in the submitted manuscript. The dynamic data evaluation is based on the existing experimental literature combined with a variety of prediction methods and correlating models. Evaluated results are always generated with estimates of uncertainties. Major inconsistencies are included in a NIST Data Report that is provided to the journal editors prior to acceptance for publication. This approach has been effective in identifying numerous typographical problems, as well as problems with sample purity and even instrument calibration, all in advance of publication, thus avoiding publication of awkward errata.
Validation for studies of vapor-liquid equilibrium
Data checking capabilities of the TDE technology are enhanced continuously, and were most recently updated with a quality assessment algorithm for VLE data in the subcritical region for both components [63] . The approach used involves application of four widely used tests of consistency that are based on restrictions following from the Gibbs-Duhem equation (commonly known as the Herington Test [64, 65] , Van Ness Test [66, 67] , Point Test [65, 68] , Infinite Dilution Test [65, 68] ), as well as a test for consistency between the VLE data and evaluated vapor pressures of the pure components. This last test also provides a simple validity check for (T, p, x) VLE data, where tests based on the Gibbs-Duhem equation do not apply. The results of the five tests are assigned numerical values, rather than the traditional pass/fail, and combined algebraically to yield an overall quality factor Q VLE . Graphical summaries of the test results are provided to journal editors as part of the NIST Data Report.
These efforts in data validation for VLE in no way supplant the obligation of the authors to report appropriate data validation and consistency checks as part of their work.
SAMPLE TABLE AND DATA TABLE EXAMPLES
An example of a sample description table is shown in Table 1 . Examples of stand-alone tables of experimental data are provided in Tables 2 through 11 . (The experimental data listed in the example tables are a subset of that reported in the original source documents. Readers should never cite the present article as a source of experimental values. References are provided in the list of tables below with each example table.) Each journal has specific standards for style and format, but the essential information should be provided. The data represented in the tables are as follows: Table 2 : Pressure, temperature, liquid composition (p, T, x) (vapor + liquid) equilibrium data [69] . Table 3 : Pressure, temperature, liquid, and gas composition (p, T, x, y) (vapor + liquid) equilibrium data [70] . Table 4 : (Liquid + liquid) equilibrium data; often termed "tie-line" data [71] . Table 5 : (Solid + liquid) equilibrium data; often termed "solubility" data [72] . Table 6 : (Solid + liquid) equilibrium data; often termed "SLE phase diagram" data [73] . The experimental data are shown in Fig. 1 . [75] . The invariant values are indicated for the mixture and pure components. The experimental data are shown in Fig. 3 . Table 9 : Equilibrium data involving multiple phase-equilibrium types; (solid + liquid), (solid + solid + liquid), including formation of a compound that melts incongruently [76] . The experimental data are shown in Fig. 4 , where the peritectic point is highlighted. Table 10 : Equilibrium data involving multiple phase-equilibrium types; (solid + liquid) and (solid + solid); phase diagram with solid solution formation and a solid-to-solid phase transformation across the composition range [77] . The invariant values for the pure components are indicated. The experimental data are shown in Fig. 5 . Table 11 : Equilibrium data involving multiple phase-transition types; (liquid + vapor) equilibrium data with phase separation in the liquid phase [78] . In this table, HPG is an abbreviation for hyperbranched polyglycerol.
SUMMARY CHECKLIST OF DOCUMENTATION REQUIREMENTS
The following is a summary of the major recommendations of this report in outline form. It is hoped that this will be of use to authors, editors, and reviewers as part of the peer-review process.
If molality is used, the solvent must be defined clearly. Amount concentration (formerly molarity) and volume fraction must not be used as expressions of composition.
○
Uncertainties
Uncertainties must be included in the table for all properties, variables, and constraints. The standard uncertainty u(φ) or relative standard uncertainty u r (φ) = u(φ)/|φ|must be included for all variables and constraints. For phase-equilibrium studies, the standard uncertainty u(φ) or relative standard uncertainty u r (φ) only should be given for all quantities; however, u r must not be used for temperature. The combined expanded uncertainty U(φ) or relative combined expanded uncertainty U r = U(φ)/|φ| (with level of confidence = 0.95) should be reported for properties. Use of the symbol % is discouraged, particularly for expressions of uncertainty and composition.
○
Derived data
Reporting of primary experimental data and derived data in a single table must be limited to that required for the scientific discourse of the article. Derived data must always be clearly labeled as derived. Uncertainties must be provided. Uncertainties for auxiliary data must be considered. 
Data validation and model fitting
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